Multiple approaches have been used to estimate groundwater recharge in the Upper Awash river basin. The amount of recharge reaching the Upper Awash aquifer system from the Blue Nile sub-basins is also estimated. Water Balance, Chloride Mass Balance and HYDRUS 1D infiltration model are used to estimate recharge. A total of 29 sites were selected for the HYDRUS 1D multiple "at point" recharge simulations. Base Flow Separation (BFS) methods, using both River Analysis Package software Version 3.0.3 and Excel-based Time Plot program are also used as a proxy for recharge. Besides, overlay analysis in Processing MODFLOW, ArcGIS, and SURFER environments has been done to thoroughly consider spatial heterogeneity between any two point estimates and appreciate the effect of lineament density, topography, slope and major urbanized land on pattern of spatial distribution of recharge. Because of differences inherent in the assumptions and datasets used, the various methods employed give wide range of differences in recharge estimates. Recharge estimated for the Upper Awash basin ranges from 51.5 mm/year to 157 mm/year and for the two southern left-bank sub-basins of the Middle Blue Nile basin (Mugher and Jema) ranges from 86 mm/year to 239 mm/year. Consequently, annual average volumetric recharge in the Upper Awash and annual groundwater flux from portion of the Blue Nile sub basins to the Upper Awash aquifer system are estimated to be 983 Mm 3 and 365 Mm 3 respectively. The significant flux joining the Upper Awash groundwater system from part of the Middle Blue Nile basin, which is almost 37% of the total annual recharge to the Upper Awash basin makes this part of the Middle Blue Nile basin an important recharge zone for the Upper Awash groundwater. Estimating recharge using integrated approaches was found to be useful to identify range of plausible recharge rates in the two basins. Besides, the new methodological approach of superimposing recharge governing factors on interpolation of point 
Introduction
Recharge is one of the most important components in hydrogeological characterization of aquifer systems and the major objectives in hydro-meteorological studies [1] . Whereas some studies focus on recharge estimates for water resource assessment [2] [3] [4] , others concentrate on estimates for contaminant transport or aquifer vulnerability to contamination [5] [6] [7] . Either way, understanding and quantifying recharge to the aquifer system of the area is very important to properly characterize the aquifer system, flow characteristics and water resource management for sustainable use and benefit of the different water users.
Various techniques are available to quantify recharge [8] - [20] . However, due to many factors governing location and timing of recharge (climate, geomorphology, litho-structural setting, and water table), there are a number of short comings inherent to each recharge estimation techniques. Many of the problems encountered with each recharge estimation methods have been addressed by many authors [21] - [27] . Summary comparisons of the various methods are offered by [13] [21] [24] [25] . Uncertainties in each approach to estimating recharge underscore the need for application of multiple techniques to increase reliability of recharge estimates. A common recommendation is that recharge should be estimated by the use of multiple methods and the results be compared [28] [29] [30] .
Surrounding the city of Addis Ababa, Upper Awash groundwater basin supports about 60% of domestic water supply of the city and it is becoming major source for domestic and industrial uses in the region. Almost all the towns and rural villages surrounding Addis Ababa within 100 km radius use this groundwater for their domestic water supply source. However, despite such keen interest in groundwater use, reliable estimate from detailed evaluations of recharge has not been made. As a result, fundamental aspects of groundwater recharge such as its source, timing, magnitude and distribution have not been well defined. Previous recharge investigations in the study area have tended to rely on the use of a single recharge estimation technique and lacked corroborating evidence to substantiate predictions of recharge using multiple approaches.
In most cases, water table is a subdued replica of the topography of the land where groundwater divide matches with surface water divides. However, under certain circumstances, groundwater flows across surface water divides. The flow may continue through adjacent basins and to any intervening ranges, as long as the permeable rocks are continuous and sub-surface geometric architecture is favorable for groundwater movement [31] . Previous hydrogeological, hydrogeochemical and environmental isotope studies have treated the Blue Nile and Awash basins as separate hydrogeological systems, as if the surface water divide coincides with the groundwater divide [32] - [39] . However, recent works [40] - [46] showed that the aquifer system of the Upper Awash basin has hydraulic connection with the aquifer system of the two adjacent southern left-bank sub-basins of the Blue Nile (Abbay) river basin (Mugher and Jema). Integrated study revealed that the interplay between the regional fault systems found to control the inter-basin transfer of the groundwater from the Middle part of the Blue Nile to the aquifer systems of the Upper Awash basin [45] . In the same work, recharge boundary for the aquifer systems of the Upper Awash groundwater basin has also been delineated. Nonetheless, though the hydraulic connection between aquifer systems of the Middle Blue Nile and the Upper Awash basins has been addressed and recharge boundary have been well defined, recharge contribution from the two sub-basins of Blue Nile to the aquifer systems of the Upper Awash groundwater basin has not been quantified in detail.
Hence, in this work, the results of multiple recharge estimations in the Upper Awash and contribution of recharge to the aquifer systems of the Upper Awash groundwater basin from the two southern left-bank sub-basins of the Middle Blue Nile basin are separately presented in order to appreciate recharge contribution from each basin (Figure 1 ). Recharge estimation has been made using Water Balance Method (WBM), Chloride Mass Balance (CMB) [47] , and Base Flow Separation (BFS) approaches together with integration of results therein. Such techniques are capable of producing quantitative information using commonly available data (i.e., precipitation, evapotranspiration, land use/land cover). However, to overcome the criticisms inherent in comparable studies, one dimensional recharge estimation technique HYDRUS 1D [48] [49] [50] [51] is also used to support the recharge results in this study, thereby providing a valuable insight into the nature of spatial variability of recharge in this environment.
This study also suggests an approach accounting different factors controlling recharge, such as topography, slope, major urban settlements, and lineament density under Processing MODFLOW (PMWIN), ArcGIS and SURFER environments to enhance linear geo-statistical interpolations of point recharge estimations and produce physical based pattern of spatial distribution of recharge. Though the approach is described on multiple "at point" simulation of recharge using HYDRUS 1D, it is also possible to apply the same procedures to fairly distributed point recharge estimations from any point recharge estimation techniques.
Study Area
The study area is located in central Ethiopia and covers the Upper Awash River basin with a total recharging area of 6735 km 2 Figure 1 ).
Due to large topographic variations in the area (1650 m -3650 m, a.s.l.), there is great variability in climate. It is warm and humid in the lowland sand cold and dry in the highlands. The climatic characteristics are determined largely by movements of the currents running throughout the country, in particular by westerly winds from the Atlantic and eastern and southern currents coming from the Indian Ocean, which are the "sources" of rainfall occurring in the area. Rainfall is concentrated almost entirely in two periods; the first starts in February and ends in late April, when they arrive in the area of air currents wet from the South-East making the climate unstable causing the rainy season short (Belg rain). The second period, characterized by heavier rainfall (Kiremt rain), is between June and September, where the humid winds from the Indian and the Atlantic oceans converge in the Ethiopian Highlands [52] . Annual average precipitation determined from Arithmetic mean, Theissen and Isohyetal methods is 1077 mm. On average, annual potential evapotranspiration estimated using Penman combination and Thornth weight methods is 871 mm. The mean annual minimum and maximum temperature is 5 and 25.1˚C respectively [53] [45].
Methods Employed
Unlike the accurate water table fluctuations record used for recharge estimation [28] , each method employed in this study are based on surface and unsaturated zone data which provides estimates of potential recharge, which is percolation below the root zone that should reach the water table in the future [54] or net recharge, which is recharge minus groundwater evapotranspiration or leakage to a deeper aquifer [55] . The methods utilized in this study are described in brief below.
Water Balance Method (WBM)
As it is attractive, because it can be applied almost anywhere precipitation data are available, there is a drawback of the water balance method due to short comings inherent to the techniques used [29] . Recharge in the water balance equation is estimated as the residual term in an equation where the other budget terms usually are estimated with considerable error. Nonetheless, despite its shortcomings, the water-balance method is a powerful tool to understand the main features of recharge processes, if short time steps are used and the spatial variability of components is taken into account. The basic concept of water balance method within a given period of time is: Input to the system-Outflow from the system = change in storage of the system.
In the study area, the inflow components include recharge from precipitation and groundwater inflow from inter-basin groundwater flow. The outflow components include Actual Evapotranspiration (AET), runoff, and inter-basin groundwater outflow and groundwater withdrawal by pumping. Considering the above inflow and outflow components, the general groundwater balance equation to estimate recharge in the area under consideration for a given time period with the same unit is given as:
where: R is recharge, P is mean precipitation, ET is mean actual evapotranspiration, R o is mean runoff, G i is groundwater inflow, G o is groundwater outflow and W is withdrawal of groundwater from the aquifer system. Groundwater is being used by sparsely distributed settlements, villages and small towns. Therefore, withdrawal of groundwater for consumptive use by pumping is negligible for Mugher, and Jema sub-basins of the Blue Nile basin. On the other hand, significant amount of groundwater is being pumped from the Upper Awash basin mainly for domestic and industrial purposes in a number of cities. Annual extraction of water from the groundwater source has been estimated based on daily groundwater abstraction information from Addis Ababa Water Supply and Sewerage Authority (AAWSA).Rough estimation has been made using the following assumption for other groundwater users (dug wells fitted with hand pump discharge rate of 0.5 l/s for 8 hrs/d, shallow wells fitted with hand pump discharge rate of 1 l/s for 8 hrs/d, deep private wells used for households fitted with submersible pump, discharge rate of 1.5 l/s for 8 hrs/d, deep private wells used for hotels, small farms and water consuming factories, fitted with submersible pump, discharge rate of 5 l/s for 8 hrs/d).
The above assumptions are based on communications and information from groundwater users in the area and from personal communications with professionals working for AAWSA. In total, data from more than 500 wells were used to quantify daily and annual abstraction from the aquifer in the Upper Awash groundwater basin. Annually, about 256 Mm 3 water is being pumped out, which is equivalent to 29 mm/year over the basin.
Neglecting groundwater inflow and outflow, recharge to the sub-basins has been calculated from the hydrological variables using the following relation and the results are given in Table 1 .
The evidence based conceptual model from geological characterization confirms that significant portion of Mugher sub-basin and some portion of Jema sub-basin ( Figure 2 ) with an area of 1770 km 2 and 304 km 2 respectively contribute groundwater inflow to the Upper Awash groundwater basin [45] . Hence, recharge to the Mugher and Jema and the Upper Awash sub-basins has been calculated from hydrological variables using Equation 2 and the result is given in Table 2 . Total volumetric recharge to the Mugher and Jema groundwater sub-basins is, therefore equal to the difference between total volumetric recharge into the respective sub-basins minus volumetric recharge in the contributing areas. This groundwater outflow from the Mugher and Jema sub-basins has been calculated using the size of recharge areas of the two sub-basins contributing groundwater flux to the Upper Awash groundwater basin as a factor of the mean annual recharge in the respective sub-basins. Hence, annual recharge to the Mugher and Jema groundwater sub-basins gets smaller with the amount equal to the groundwater flux to the Upper Awash groundwater basin (Table 2) .
Due to groundwater flux from the Mugher and Jema sub-basins, the water balance equation for the Upper Awash groundwater basin has a form: 
Using the hydrologic variables estimated to the Upper Awash basin and, inflow from Mugher and Jema sub-basins, volumetric recharge to the Upper Awash groundwater basin has been calculated (Table 3) .
Chloride Mass Balance (CMB)
The CMB method assumes that the flux of tracer (Cl − ) input at the surface equals the flux of tracer reaching the groundwater table. The conservative nature of chloride ion made it to be chemically retained in solutions [56] . The technique considers chloride as an inert element, and compared with other inorganic ions, it is not added or removed by water-rock interaction. The element is considered as an inert in the hydrological cycle having its source from the atmosphere. It has the advantage over tracers involving water molecules in a sense that atmospheric inputs are conserved during recharge processes allowing a mass balance approach to be used. It should be noted that there are no evaporates or large scale thermal activities that adds chloride to the groundwater system. As described by [57] , the basic Equation (4) applicable for the estimation of recharge using CMB is:
where: R is the annual recharge (mm), P is the mean annual precipitation (mm), Clp is chloride concentrations of the precipitation (mg/l) and Clg is chloride concentrations of the groundwater (mg/l). Since chloride concentration becomes higher as the groundwater vertically percolates and crosses clay layers and fault gauges due to retardation and concentration of chloride ions, values from deep wells were excluded. Only average concentrations of chloride in groundwater from shallow wells are considered. Chloride concentrations of the precipitation samples collected from the three sub-basins at the same time were used as representative of chloride concentrations of the precipitations of the sub-basins (Figure 1 ). The estimated recharge values using the CMB method vary with the chloride content in the groundwater and precipitation. Taking the mean values of chloride content in the groundwater into consideration, average annual recharge values to the sub-basins were estimated (Table 4) .
Base Flow Separation (BFS)
The most basic difference between base flow separation and the other recharge estimation methods is that, this method is designed to quantify part of the stream flow hydrograph attributed to groundwater discharge, whereas, all the other methods estimate the amount of water added to the water table. Base flow has been used as an approximation of recharge for the Upper Awash and part of the Blue Nile sub basins (Mugher and Jema) with the acknowledgement that it is probably less than the amount recharging the groundwater system [58] . Daily river discharge records from ten stations were used for the analysis. The separation of surface runoff and base flow has been made using a computer code RAP (version 3.0.3) and Excel-based Time Plot program. The weighted mean base flows, representative of the sub-basins, were obtained from the base flows of the 
HYDRUS 1D Model
HYDRUS 1D model is a finite element numerical model for that simulates the movement of water, heat, and multiple solutes in variably saturated media. When only considering groundwater flow, the program numerically solves the Richards' equation for saturated-unsaturated flow as indicated in Equation (5).
where θ is moisture content of the soil, K is hydraulic conductivty, D is soil water difussivity, z is water pressure and t is time. The Flow equation incorporates a sink term to account for water uptake by plant roots [49] [50] [59] [60] . The water content term is evaluated using the mass conservative method proposed by [61] . Groundwaterof the Upper Awash aquifersystem recharge has been evaluated using hydrometeorological and physical data for 18 simulation sites. Besides, the contribution coming from part of the Middle Blue Nile sub basins (Mugher and Jema), to the Upper Awash aquifer system has been evaluated separately by taking 11 simulation sites ( Figure 3 ). Mean monthly meteorological data records (precipitation, temperature, humidity, wind speed, sunshine hour) have been used to perform the numerical simulation. Though there are many meteorological stations available in the study area, only records with complete measurements were considered for the analysis (Figure 1 ). Before the analysis and interpretation, all the data from National Meteorological Agency (NMA) and from the Ministry of Water, Irrigation and Electricity (MoWIE) were checked for their quality.A set of global climate layers (climate grids) with a spatial resolution of about 1 square kilometer is used from WorldClim for the purpose of validating meteorological records [62] . The WorldClim interpolated climate layers are made using sources including major climate databases compiled by the Global Historical Climatology Network (GHCN), the FAO, the WMO, and the International Center for Tropical Agriculture (CIAT), R-HYdronet).In addition to meteorological records, soil and land use/land cover maps are used from modified FAO land use/land cover and soil maps of Ethiopia [53] . Characteristics of soil (percentage of sand silt clay, specific weight and field capacity) have been extracted from soil grid project for six soil profiles, up to a depth of 200 cm (http://www.soilgrids.org/).
In total, 29 sites have been selected to perform numerical analysis on the basis of few requirements, in terms of combination of soil type and soil use.According to the specific climatic, soil type and soil use of the simulation sites, infiltration and evapotraspiration have been evaluated both for the Upper Awash (Table 5) and for the Mugher and Jema sub-basins (Table 6 ). 
Comparison of Methods
The four methods used to estimate recharge to the sub-basins gave a wide range of values, Table 7 . These methods produce estimates of recharge that reflect different spatial and temporal scales; have different data requirements, strengths, and limitations. In general, comparing the results may be difficult because of differences inherent in the methods. The WBM gives a very rough estimation because: 1) it is based on sparsely distributed data from few stations to estimate representative values for very large areas, 2) since recharge is estimated as the residual term in the water balance equation, where the other budget terms (P, AET, R and groundwater withdrawal) were estimated with assumptions, possibly leads to some error.
Despite the fact that the CMB method is simple, there are a number of uncertainties associated with the method in estimating recharge. One of the uncertainties arises from using a one time record of chloride concentration in precipitation as a representative value. Another uncertainty source for the chloride mass balance approach is the sampling density of the groundwater. The biggest uncertainty is also associated with the analytical precision of the determination of chloride concentration of precipitation and groundwater. The CMB method, therefore, gives rough estimation of recharge to the sub-basins. When compared with the WBM and CMB, the BFS method result is supported by sufficient data from ten river gauging stations in the study area. River discharge data from gauged streams of varying catchment areas for streams flowing through different geologic units were used for the analysis of the BF component. Hence, recharge estimates from the BFS method can be taken more reliable than the values from the other two methods, as they were calculated from river discharge data representing small catchment areas, as well as nearly uniform geology and land uses/land cover features. However, recharge estimate from base flow separation methods is used as a proxy for recharge and sometimes referred to as "effective recharge" [58] , "base recharge" [63] , or "observable recharge" [64] . In general, base flow equals groundwater discharge, and that groundwater discharge is approximately equal to recharge. Because of the assumptions that groundwater losses from the gauged watershed caused by underflow, groundwater evapotranspiration, and exports of groundwater are minimal, it usually represents some amount less than the actual recharge. In fact the base flow approach may not account the percolation that reaches to deeper aquifers that do not have direct hydraulic link with rivers.
Accounting Topography, Slope, Lineament Density, and Major Urban Areas
There are perennial difficulties associated with recharge estimations: sparse information, the spatial extrapolation of "at-point" data, the assessment and regional hydrological consequences of localized recharge and the impacts of urban development on groundwater recharge. Though considerable progress has been made, not all these "problems" have been satisfactorily resolved [65] [66] [67] . This section of the paper addresses some of the above challenges. Particular attention is accorded to pattern of recharge space variability with respect to topography and slope; localized recharge due high lineament density; and impact of urban settlement components. Precipitation is the principal source for replenishment of moisture in the soil water system to recharge groundwater. The amount of moisture that will eventually reach the water table is going to recharge aquifer system in sub-surface. The amount of recharge to the aquifer system depends upon the rate and duration of precipitation, topography, soil texture and moisture conditions, depth to the water table and underlying litho-structural setting [1] . Any recharge estimation technique at point locations, possibly take all or some of the recharge controlling factors into account. However, to map spatial variability of recharge using recharge estimates at point locations, interpolation of the point results is needed. Interpolation techniques such as kriging, spline, IDW are entirely controlled by recharge values from point estimations and result spatial distributions without any physically based pattern. Ideally, if fairly distributed point recharge estimates are made in any area of interest, interpolation of the point recharge estimates should follow the pattern of topographic variation. Similarly, the effect of slope, lineament density or major settlements should be clearly depicted in the pattern of recharge distribution. However, due to sparse data or assumptions in-built to the different interpolation techniques, spatial distribution of recharge do not follow strictly pattern of physical factors controlling recharge. This is mainly because the different techniques ignore heterogeneity between point estimates.
In order to account the effect of the controlling factors on pattern of spatial variability of recharge for the Upper Awash and its contributing part from the Middle Blue Nile sub-basins (Muger and Jema), HYDRUS 1D point results, at 18 and 11 simulation sites respectively, have been interpolated first by ordinary kriging interpolation technique (Figure 4) . The two basins have been considered as independent areas and the interpolation procedure has been done separately for each basin without mixing data of the two areas. As it is observed, it is impossible to appreciate the impact of topography, slope, lineament density or urban settlements on the possible pattern of recharge distribution with such simple geo-statistical interpolation of point recharge estimates.
In order to constrain the random spatial variability of recharge by topography, which influence not only the amount, but also the distribution of recharge, the raster surface constructed by interpolation of the 18 and 11 simulation points recharge estimates for the Upper Awash and southern flank sub-basins of the Middle Blue Nile River basin respectively, were converted to 500 m by 500 m ASCII grid file in ArcGIS environment. The topographic surfaces of the same areas have also been sliced into the same grid size in Global Mapper software.
For the main reason that flow models become increasingly utilized for management decisions, and quantifying the spatial and temporal distribution of natural groundwater recharge is usually a prerequisite for effective groundwater modeling, the topographic surface have been imported in processing MOD-FLOW environment under topography grid. Then, using the inbuilt algorism, five topographic classes based on topographic zones have been created. Since the purpose of the procedure is to influence the pattern of recharge spatial variability, but not to significantly change the values of recharge from the point estimates, very small weighting factors have been assigned for each class.
The recharge ASCII grid is imported in PMWIN and superimposed with the topography matrix. The matrix resulted from overlaying recharge and topography is finally exported to SURFER10 (Golden software 2011) and converted to ArcGIS compatible format (GRD. surfer 6 text). From which, recharge zones constrained by topographic variation were produced for Upper Awash and part of the Middle Blue Nile basins ( Figure 5 ).The same procedure was followed to account slope in the pattern of spatial variability of recharge ( Figure 6 ). The study area is located in the vicinity of Addis Ababa which lies at the intersection between the two main systems of tectonic region: the Main Ethiopian Rift (MER) with orientation NNE-SSW and the alignment Yerer Tullu Welel Volcanic Lineament (YTWVL) with EW direction (Figure 1) . The acidic or silicic volcanic rocks of Intoto are confined to the area along this lineament [68] . Another important feature is the Filwuha fault having oriented NE-SW [67] . Most of the features present in the study area follow the trend of the Rift. The density of tectonic features increases toward South-East or towards the Rift Valley. Some of the basaltic lava and ash cones appear to have leaked from these features, in particular those concentrated in the main regional tectonic system, having trends NE-SW.
Hence, along with topography and slope variation in the area, these lithostructural features together with the major urban settlement, Addis Ababa city, play paramount role in shaping the pattern of spatial variability of recharge. Accordingly, similar procedures have been followed to create raster and grid surfaces of lineament density and urban settlement. The major urban settlement is only found in the Upper Awash. Figure 7 shows spatial distribution of recharge considering lineament density for Upper Awash and part of the Middle Blue Nile basin.
Finally, physically based pattern of spatial distribution of recharge, whereby all important factors affecting not only the amount, but also spatial pattern of recharge have been reasonably accounted for the two river basins separately (Figure 8 and Figure 9 ).
Conclusions and Recommendations

Conclusions
WBM, CMB, BFS and HYDRUS 1D techniques have been used to estimate recharge to Upper Awash aquifer system from Upper Awash and southern flank of Middle Blue Nile basins. Multiple "at point" estimates from HYDRUS 1D model recharge simulations were first interpolated by using linear geo-statistical techniques to produce spatial distribution of recharge. In order to consider spatial heterogeneity of most important factors governing recharge between any two point estimates, spatial distribution of recharge produced by ordinary interpolations were superimposed on topography, slope, lineament density and major urban settlements in PMWIN, GIS and SURFER environments. Upper Awash and southern flank of the Middle Blue Nile basins were separately treated to understand the contribution of each basin to the Upper Awash aquifer system. This study clearly demonstrates that groundwater recharge estimate is prone to errors based on the method used to estimate in data scares areas. Hence, multiple approaches of recharge estimate enables to minimize the errors and obtain fair estimates and allows understanding how the various catchment factors govern the spatial variability of groundwater recharge.
Recommendations
Together with the amount of recharge, the issues of spatial variability need to be addressed, especially when the research objective goes beyond simple regional estimates of recharge, such as for numerical modeling and contaminant transport simulation.
Most recharge estimation techniques provide multiple "at point" estimates which need to be interpolated to better understand spatial variability of recharge over large areas. However, Simple interpolation of point estimates using linear geo-statistical techniques (Kriging, Spline, IDW etc.) to produce recharge zones possibly overlook heterogeneity between any two point estimates. The interpolated surfaces should, therefore, be superimposed with major recharge governing factors by using other tools including GIS, PMWIN, and SURFER. In doing so, physical based pattern of spatial distribution of recharge constrained by most governing factors can be produced.
